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The Reactive Genome

Scott F. Gilbert
The ﬁnal production of a phenotype is regulated by differential gene expression. However,
the regulators of gene expression need not all reside within the embryo. Environmental
factors such as temperature, photoperiod, diet, population density, or the presence of predators can produce speciﬁc phenotypes, presumably by altering gene expression patterns.
Here “signals from above” interact with internal signals to produce the particular phenotype. This chapter looks at some of the historical trends that mediated the removal of environmental considerations from embryology. It provides evidence that internal factors,
alone, cannot give a complete explanation of development. In many instances, signiﬁcant
developmental phenomena are given their speciﬁcity by the particular circumstances of the
environment. Whereas it is usually thought that genes provide the instructional speciﬁcity
for development (why the moth is brown or white, why the head is a particular shape, why
a certain bone develops in a particular place) and that the environment is merely permissive, there are many cases wherein the genome is permissive and environmental instructions elicit a particular phenotype (see also Nanjundiah, chapter 14, this volume).
The Organism Out of Context: Embryology from Evolution to Physiology
Embryology is a science that links egg to adult. It is a science of becoming. Developmental biology, the anagenetic descendent of embryology, retains the fundamental questions of
embryology and has added others. Developmental biology studies not only embryos, but
also such diverse developmental phenomena as regeneration, metamorphosis, and the formation of blood cells and lymphocytes in the adult. Because there are no sets of techniques,
levels of organization, or types of organism that limit the ﬁeld of inquiry, the techniques
and contexts for studying development have come largely from other disciplines.
In the mid to late nineteenth century, the context for studying development came from
evolutionary biology, and the methods were, therefore, those of the evolutionary biologist,
that is, of comparative anatomy. Embryology was to assist paleontologists and evolutionary biologists reconstruct the phylogeny of life. Homologies derived from anatomical studies and cell lineage analyses were the fruits of these endeavors.
With the twentieth century, the science of developmental mechanics (Entwicklungsmechanik) or physiological embryology emerged. This approach sought the physiological mechanisms by which the egg became an adult. Comparative anatomy was to be
superseded by mechanistic physiology. Just as physiology was considered the “new” biology, so physiological embryology would be the “new” embryology. The anatomical tradition and its evolutionary context were considered old-fashioned. Experimentation was the
watchword of the day. As Nyhart (1995) notes, after Roux’s programmatic statement of
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Entwicklungsmechanik, developmental mechanics and experiment became synonymous
with modernity among a group of younger enthusiasts. This did not go unchallenged.
Nyhart has documented the indignation and resentment felt by many of the developmental
anatomists over this change in attitude. First, the evolutionary context that they had taken
for granted was not being used, and the questions they had invested their life pursuing were
not thought worth following. Second, the discipline was being brought indoors. Many of
the older embryonic anatomists worried that students trained in the new experimental embryology would no longer be aware of the developing organism in its natural context.
Third, the questions that were asked were radically different questions and they called out
for different techniques. Rather than carefully observing embryos, these physiological embryologists were going to manipulate their embryo parts in controlled experiments.
In some cases, the new physiological embryology attempted to keep some of its environmental roots, and some of the ﬁrst experiments done on embryos (such as those performed by Curt Herbst and by members of the Institute for Experimental Biology—the
Vivarium—in Vienna) sought to change the environmental parameters, such as temperature
or ionic conditions, in which embryos developed. The mainstream of physiological embryology, however, was the experimental program to determine the relationships between the
embryonic parts by means of defects, cell and tissue isolation, rearrangement, and transplantation. The dominant scientists in this program included Hans Driesch, Hans Spemann,
Sven Hörstadius, Ross G. Harrison, T. H. Morgan, Theodor Boveri, and their students.
Embryology moved from the seashore (where the anatomical tradition still was strong) into
the laboratory; developmental biology became a laboratory discipline, wherein scientists
would manipulate the embryo, one variable at a time.
It was in this physiological context that the “model system” approach emerged in
embryology. In the anatomical tradition, the choice of organism was dominated by the particular question and by the availability of the organism. We learned much about the anatomy
of those organisms living close to the scientists, and we learned much about organisms
(such as penguins and gorillas) whose anatomy might divulge information about phylogeny. In many cases, the seasonal availability of embryos dictated which organism was
to be studied. However, with the advent of physiology, the variety found in nature had to
be diminished so that the populations being tested would be as identical as possible, a necessary precondition for controlled experiments and for comparing conclusions between
different laboratories. Thus animals came to be bred in the laboratory.
As Bolker (1995) has pointed out, though, very few organisms are capable of developing
in the laboratory. Such organisms must be selected for the inability of their development to
be inﬂuenced by speciﬁc environmental cues. Sea urchins, ﬂatworms, and frogs, for
example, found favor because they could develop readily in seawater or pond water in an
aerated beaker. They did not even need to be fed during early development. Similarly, the
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chick has always been a model system (in both the anatomical and physiological contexts)
because its egg has within it all the environment it needs (just add temperature) and because
domestication has made the incubation time uniform and rapid. Thus both the inﬂuence of
environment and environmental sources of phenotypic diversity were progressively eliminated under the physiological context of embryology.
The Genome Out of Context: Embryology from Physiology to Genetics
Starting in the 1930s, genetics, whose epistemology, methodology, and source of questions
are based on the gene, began to provide a third context for developmental biology. The
embryologist-turned-geneticist T. H. Morgan explicitly redeﬁned embryological problems
in terms of genetic ones. Moreover, according to Morgan (1924, 728), the cytoplasm was
unimportant: “It is clear that what the cytoplasm contributes to development is almost
entirely under the inﬂuence of the genes carried by the chromosomes.” His student
H. J. Muller, in his aptly entitled 1926 book The Gene as the Basis of Life, similarly
concluded that the cytoplasm of the cell was inconsequential and that “the primary secrets
common to all life lie further back, in the gene material itself” (Keller, 1995, 8).
Morgan’s student and protégé Alfred Sturtevant (1932, 304) claimed that all of development could be explained by gene action in his talk to the 1932 International Congress of
Genetics: “One of the central problems of biology is differentiation—how does an egg
develop into a complex many-celled organism? That is, of course, the traditional problem
of embryology. But it also appears in genetics in the form of the question: How do genes
produce their effects.”
Notice that Sturtevant (whose thought experiment on how snail shells coiled was one of
the early triumphs of the genetic approach over physiological embryology) has simpliﬁed
embryology into the question of determination. The other major embryological questions—
morphogenesis, growth, evolution, and reproduction—are no longer mentioned. Evolutionary explanation would be taken over by the geneticists; the other portions of embryology
will be assumed to be epiphenomena of differentiation, just as differentiation was assumed
to be an epiphenomenon of gene expression (see Gilbert, 1988, 1998). This assumption was
made explicit when molecular biology entered into embryology. In 1948, Sol Spiegelman
could argue that cell differentiation was synonymous with differential protein synthesis
and could be studied more readily in Escherichia coli or yeast than in metazoan embryos.
Embryogenesis could be modeled by differential gene expression in unicellular microbes.
The questions of genetics differed from the questions of physiology in that the tissue and
organism levels of explanation were derived from the genomic level of analysis. The
methodology was certainly different in that it involved the isolating, analyzing, and
mapping of discrete genetic mutations rather than performing experiments on embryos.
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Genetics also challenged the dominant ontology of embryology. Physiological embryology
was characterized by an interactive holism. A cell became what it became because of its position in the embryo. Whereas the effects of the environment may have been discounted,
the fate of a particular cell was often found to be controlled by its interactions with other
cells. As Hans Spemann noted in 1943: “We are standing and walking with parts of our
body which could have been used for thinking had they developed in another part of the
embryo” (Horder and Weindlung, 1986, 219). Genetics also brought with it a reductionist
ontology (Roll-Hansen, 1978; Allen, 1985). The genes were responsible for the phenotype.
Cells, tissues, organs, and the organism were epiphenomena of genes.
This reductionist and unidirectional ontology was reinforced by the program of molecular biology, which saw all life as manifestation of DNA (see Tauber and Sarkar, 1992). As
Lewis Wolpert (1991, 77) claimed, “Ex omnia DNA.” The central dogma—DNA makes
RNA, and RNA makes proteins; DNA is thus primary—was also supported by the new sociobiology, which sought the origins of all behaviors in the genome. We see the conﬂuence
of these traditions in Dawkins (1986, 111; see also Gilbert, 2000a) reﬂecting on the willow
seeds falling outside his window:
It is raining DNA outside. . . . The cotton wool is made mostly of cellulose, and it dwarfs the capsule
that contains DNA, the genetic information. The DNA content must be a small proportion of the total
so why did I say that it was raining DNA rather than raining cellulose? The answer is that it is the
DNA that matters. . . . The whole performance—cotton wool, catkins, tree and all—is in aid of one
thing and one thing only, the spreading of DNA around the countryside. . . . It is raining instructions
out there; it’s raining programs; it’s raining tree-growing ﬂuff-spreading algorithms. This is not
metaphor, it is plain truth. It couldn’t be plainer if it were raining ﬂoppy discs.

Although it is easy to separate the genetic tradition of methodology, ontology, and
context from the physiological tradition, Richard Lewontin (1991) has emphasized an
important continuity. Both traditions have gotten rid of the environment. The physiological
tradition ignored the habitat in which the organism developed; the genetic tradition ignored
the cytoplasmic and organismal environment in which the genes acted. “When those who
react against the utter reductionism of molecular biology call for a return to consideration
of the ‘whole organism,’ they forget that the whole organism was the ﬁrst step in the victory of reductionism over a completely holistic view of nature” (Lewontin, 1991, ix–xix).
Integration of Developmental Contexts
Thus, across the three contexts in which development has been placed, there has been a
progressive reductionism such that, under the physiological model, the importance of the
environment has been diminished in favor of the whole organism, and under the genetic
model, the importance of the whole organism has been diminished in favor of the genes.
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But certain embryologists have had problems with both the reductionism of the genetic and
physiological ontologies and the disappearance of environmental interactions in their
epistemologies (see Gilbert, 1998; Gilbert and Sarkar, 2000).
Hertwig, Berrill, and Waddington were among the embryologists who had such doubts.
Waddington, equally at home in genetics, evolutionary biology, and embryology, not only
expressed these doubts eloquently, but also put forth solutions to them. Waddington’s view
of the genome was that it was both active and reactive. Unlike most researchers—both
today and then—Waddington did not think of genes solely in terms of gene activity. Rather,
he saw the genes in a dialectic of acting and being acted upon. In fact, in Principles of Embryology (Waddington, 1956) he called his chapter on developmental genetics “The Activation of the Genes by the Cytoplasm.” He listed four examples “of the activation, by
different types of cytoplasm, of different speciﬁcally corresponding genes”: mosaic eggs,
induction, chromosome puffs, and Paramecium G-antigens (Waddington, 1956, 348). He
viewed the nucleus and the cytoplasm as being in a continual reciprocal dialogue. The
epigenotype is the term Waddington (1939; see also Gilbert, 1991, 2000b) used to capture
the idea of the interactions between the genes, gene products, and the environment that led
from genotype to phenotype. Today we might think of the epigenotype as the networks of
transcription factors, paracrine factors, and environmental inﬂuences that allow the genotype to realize the phenotype. In the epigenotype, the gene is not an autonomous entity; it
is part of a network of interacting components.
Waddington (1940, 1957) not only mentioned cases where the cytoplasm obviously told
the genes what to do, he also kept alive the tradition of the environmental regulation of
development. He recognized that some major phenotypes, such as sex in echiuroids and in
some reptiles, was determined by temperature, and he felt that this environmental effect
was of the same magnitude as a mutation in a homeotic gene. The environment could act
on genes, as well. Although the tradition of the environment acting on genes has been
largely on the periphery of developmental biology (see van der Weele, 1999), recent studies have not only provided more examples of environmental regulation; they have become
integrated into developmental biology literature. This has largely been due to the new interest in life history strategies as an intersection between developmental biology and ecology (see Stearns, 1992; Gilbert, 1997; van der Weele, 1999) and to the new interest in
endocrine disrupters and their potential to inﬂuence sexual development and morphogenesis (Colborn, Dumanovski, and Myers, 1996; Gilbert, 1997).
Tertiary Induction
Numerous species, especially Homo sapiens, possess developmental plasticity wherein the
organism inherits the ability to express certain phenotypes in some situations and other
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phenotypes under another set of conditions. Some species have polyphenisms that are
distinct (either-or) phenotypes that are elicited by the environment. Other species have a
range of phenotypes where the response to the environment can be incremental. This
continuous range of phenotypes is called the “reaction norm” (Reaktionsnorm; Woltereck,
1909; see also Stearns, de Jong, and Newman, 1991; Nanjundiah, chapter 14, this volume).1
Although, as inherited potentials, reaction norms and polyphenisms can be selected, in all
these instances, the genotype can govern only the range of phenotypes produced. The
actual phenotype of the particular individual is elicited by the environment.
Therefore, the organism, its genome, and its environment should be seen as porous and
interactive compartments (Lewontin, 1991; Gottlieb, 1992). I wish to emphasize this by
using a particular embryological term to unite these areas in development—tertiary induction. Primary induction is that set of inductive events which constitutes the individuality of
the organism. By means of primary embryonic induction (e.g., in vertebrates, the induction
of the central nervous system by the derivatives of the dorsal blastopore lip), each egg
forms a single embryo. Secondary induction is that set of inductive events by which the
developing body parts interact to generate the organs of the body. In an extension of this
concept, tertiary induction is that set of interactions by which environmental factors inﬂuence the phenotype of the developing organism (Gilbert, 2000c). As with primary and secondary inductions, there is no distinction in the mechanisms proposed. As the following
examples will show, the genome is reactive as well as active, and organisms have evolved
to let environmental factors play major roles in phenotype determination.
Holtzer (1968) distinguished between permissive and instructive interactions. In instructive interactions, a signal from the inducer initiates new patterns of gene expression in
the responding cells. In permissive interactions, the responding tissue contains all the information required to express the genes; it needs only the permissive context in which to
activate them. It is usually assumed that the developing organism’s environment constitutes a necessary permissive set of factors, whereas its genome provides the speciﬁcity of
the interaction. In instances of developmental plasticity, however, the genome is permissive and the environment is instructive.
Context-Dependent Sex Determination
The scientiﬁc evidence against genetic determinism has been building up ever since embryologist Oskar Hertwig (1894) used location-dependent sex determination in the echiuroid
worm Bonellia against what he called the “preformationism” of August Weismann. More
recently, temperature has been demonstrated to be the prime determinant of whether many
embryos become male or female. For instance, embryos of the turtle Emys all become males
if incubated below 25°C during the last third of their incubation, and all females if incubated
above 30°C (Pieau et al., 1994; at intermediate temperatures, different percentages of both
sexes are formed). In some species, such as the ﬁsh Menidia, temperature-dependent sex
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determination is found in the parts of their range where it is adaptive to be one sex or the
other during particular portions of the breeding season (Charnov and Bull, 1977; Conover
and Heims, 1987).
Life history strategies are also seen as being examples of tertiary induction. The sex of
the blueheaded wrasse, Thalassoma bifasciatum, is determined by the social structure into
which the larva enters: if it enters a reef where there are no males, it becomes male; if there
are other males present, a female. Usually, there is one male for each dozen females. When
that male dies, the largest female develops testes within twenty-four hours and, within two
weeks, is making functional sperm and mating with the remaining females (Warner, 1993).
Some invertebrates, such as the crustacean “pillbug” Armadillidium vulgare (Rigaud,
Juchault, and Mocquard, 1991) and a wide range of insects (Werren and Windsor, 2000)
can have their sex determined by bacterial infection. Thus a phenotype as signiﬁcant as the
organism’s sex can be determined by the environment. The genome is permissive and can
allow one or the other phenotypes to be elicited.
Seasonal Polyphenisms
Sex is not the only phenotypic trait inﬂuenced by the environment. We now know that what
Linnaeus had classiﬁed as two different species of butterﬂy are two phenotypes of the same
species, Araschnia levana, and that they are regulated by the temperature and photoperiod
experienced by the late instar larvae. More daylight and higher temperatures cause higher
amounts of ecdysone and produce the dark summer morph. Less daylight and lower temperatures produce the orange spring morph (see ﬁgure 6.1a–b; Nijhout, 1991; van der
Weele, 1999). The seasonal polymorphism of the butterﬂy Bicyclus anyana is also caused
by temperature, which, in some yet unknown way, effects the stability of distal-less gene
expression in the wing imaginal discs (Brakeﬁeld et al., 1996.)
Nutritional Polyphenisms
In some cases, phenotype can depend upon what a developing organism eats.2 In numerous
species of Hymenoptera, the worker, soldier, and queen castes are determined by the levels
of food fed the respective larvae. In the ants Pheidole and Pheidologeton, the protein-rich
diet causes elevated juvenile hormone titers, and these titers allow more growth, lengthening the time before which metamorphosis will occur. The differences in size, structure, and
even cuticular proteins are often quite signiﬁcant. In the moth Nemoria arizonaria, a
nutritional polyphenism provides adaptive coloration for two different sets of caterpillars.
Caterpillars that hatch in the spring feed on oak catkins; they develop a rugose, beaded,
yellow-brown morphology that enables them to hide among the catkins. By contrast, caterpillars that hatch in the summer eat the oak leaves; their morphology changes to resemble
that of a new oak twig (Greene, 1989).

Figure 6.1
Instructive induction of morphological phenotypes by the environment. The spring (A) and summer heat-induced
(B) morph of the European map butterﬂy, Araschnia levana. The uninduced (C) and Chaoborus kairomone–
induced (D) morphs of Daphnia cucullata. The uninduced (E) and kairomone-induced (F) morphs of the tadpole
of the gray tree frog Hyla crycscelis. Scaphiopus tadpoles, (G) with the uninduced morph in the jaws of the
density-induced morph. Uninduced (H) and movement-induced (I) tissue in the embryonic chick hind limb.
The arrow points to the movement-induced ﬁbular crest, an important bone in bird evolution. (A, B: courtesy of
H. F. Nijhout; C, D: courtesy of R. Tollrian; E, F: courtesy of J. van Buskirk; G: courtesy of T. Wiewandt; H, I:
courtesy of G. B. Müller. From Gilbert, 2001.)
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Predator-Induced Polyphenisms
Several vertebrates and invertebrates have evolved developmental responses to predators.
By sensing a predator-secreted chemical in the environment, various species of rotifers,
crustaceans, molluscs, ﬁsh, and reptiles develop differently (Tollrian and Harvell, 1999). In
the parthenogenetic water ﬂea Daphnia cucullata, the predator-induced defense is beneﬁcial not only to itself, but to its offspring: when it encounters the predatory larvae of the ﬂy
Chaeoborus, its helmet grows to twice its normal size (ﬁgure 6.1c–d). This inhibits its
being eaten by the ﬂy larvae. This same helmet induction occurs if the Daphnia are exposed to extracts of water in which the ﬂy larvae had been swimming. Agrawal, Laforsch,
and Tollrian (1999) have shown that the offspring of such induced Daphnia will be born
with this same altered head morphology.
Predator-induced polyphenism is abundant among amphibia, and tadpoles found in ponds
or in the presence of other species may differ signiﬁcantly from those tadpoles reared by
themselves in aquaria. For instance, when newly hatched tadpoles of the wood frog Rana
sylvetica are reared in tanks containing predatory larvae of the dragonﬂy Anax (conﬁned in
mesh cages so that they cannot kill the tadpoles), the tadpoles in the predator-ﬁlled tanks
grow smaller than those in similar tanks without the caged predators. Moreover, their tail
musculature deepens, allowing faster turning and swimming speeds to escape predator
strikes (McCollum and Leimberger, 1997; van Buskirk and Relyea, 1998). In fact, what
initially appeared to be a polyphenism may be a reaction norm that can assess the amount
(and type) of predators. Adding ever greater numbers of predators to the tanks causes the
tadpoles’ tail ﬁn and tail musculature to progressively deepen.
Tadpoles of related species are capable of producing different phenotypic changes,
depending on the predator. The tadpole of the gray tree frog Hyla cryoscelis responds
to soluble predator molecules both by changing its size and by developing a bright red tail
coloration that deters predators (ﬁgure 6.1e–f; Relyea and Werner, 2000; McCollum and
van Buskirk, 1996). The trade-off is that the noninduced tadpoles grow more slowly and
survive better in predator-free environments (van Buskirk and Relyea, 1998; Relyea,
2001). Amphibian larvae have evolved to respond to other environmental cues, as well.
In addition to responding to cues from predators, Rana tadpoles also respond to cues
from competitors. Wood frog and leopard frog tadpoles compete for the same food. The
presence of the leopard frog tadpoles changes the responses of the wood frog tadpoles to
predator-derived cues (Relyea, 2000). In some instances, the competitor- and predatorinduced phenotypes go in opposite directions (with the former making shallower tails, for
instance). In these cases, the competitor-induced phenotypes are more competitive (against
other organisms competing for the same food source), but they suffer a higher predation.
Nowhere is predator-induced polyphenism more important than in mammals such as
humans. Our major predators are microbes. We respond to them through an immune
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system based on clonal selection of lymphocytes that recognize speciﬁc predators and their
products (see Gilbert, 2000c). Our immune system recognizes a particular microbe such as
a cholera bacterium or a poliovirus by making lymphocytes, each expressing a different
gene product on its cell surface. These genes for immunoglobulin and T-cell receptors form
the receptor proteins of the lymphocytes. Each B-lymphocyte, for instance, makes one and
only one type of antibody, and it places this antibody on the cell surface. One B-cell may
be making an antibody to poliovirus, while its neighboring B-cell is making an antibody to
diphtheria toxin. When a B-cell lymphocyte binds its foreign substance (the antigen), it begins a pathway that causes it to divide repeatedly and to differentiate into a cell that secretes
the same antibody that originally bound the antigen. Moreover, some of the descendants of
that stimulated B-cell remain in the body as sentinels against further infection by the same
microorganism. Thus identical twins are not identical with respect to the cells of their respective immune systems. Their phenotypes (in this case, both the types of cells in their
lymph nodes and their ability to respond against an infectious microorganism) have been
altered by the environment.
Context-Dependent Development: Abiotic Conditions
The spadefoot toad Scaphiopus has a remarkable strategy for coping with a particularly
harsh environment. The toads are called out from hibernation by the thunder that accompanies the ﬁrst spring storm in the Sonoran desert. The toads breed in the temporary ponds
caused by the rain, and the embryos develop quickly into larvae. After the larvae metamorphose, the young toads return to the desert, burrowing into the sand until the next year’s
storms bring them out.
The desert ponds are ephemeral pools that either dry up quickly or persist, depending on
the initial depth and the frequency of the rainfall. One might envision only two alternative
scenarios confronting a tadpole in such a pond: either (1) the pond persists until the tadpole
has time to metamorphose, and it lives, or (2) the pond dries up before metamorphosis, and
it dies. These toads (and several other amphibians), however, have evolved a third alternative. The time of metamorphosis is controlled by the pond. If the pond does not dry out,
development continues at its normal rate, and the algae-eating tadpoles eventually develop
into juvenile spadefoot toads. If, however, the pond begins to dry out and overcrowding
occurs, some of the tadpoles embark on an alternative developmental pathway. They
develop a wider mouth and more powerful jaw muscles that enable them to eat, among
other things, other Scaphiopus tadpoles. These carnivorous tadpoles metamorphose
quickly, albeit into a smaller version of the juvenile spadefoot toad.
The signal for this accelerated metamorphosis appears to be the change in water volume.
Scaphiopus tadpoles are able to sense the removal of water from aquaria, and their acceleration of metamorphosis depended upon the rate at which the water was removed. A

The Reactive Genome

97

stress-induced corticotropin-releasing hormone signaling system appears to modulate this
effect (Denver, Mirhadi, and Phillips, 1998; Denver, 1999). The two morphs can be obtained by feeding tadpoles the appropriate diets, and the rapid development of the cannibalistic tadpoles may be being driven by the thyroxin they acquire from their prey. The
trade-off is that the toads generated by fast-metamorphosing tadpoles lack the fat reserves
of those toads produced from the more slowly growing tadpoles, and their survival rate
after metamorphosis is not as high as those toads developing from slower-growing larvae
(Newman, 1989, 1992; Pfennig, 1992).
Vertebrates also respond signiﬁcantly to abiotic conditions. In addition to stress-related
muscle development, physical stress is needed to produce bones such as the mammalian
patella and the avian ﬁbular crest (ﬁgure 6.1h–i; Müller and Streicher, 1989; Wu, 1996).
Corruccini (1984) and Varrela (1992) have speculated that the reason that nearly onequarter of our population needs orthodontic appliances is that our lower jaw needs physical
stress in order to grow. Such jaw anomalies (malocclusions wherein the teeth cannot ﬁt
properly in the jaw) are relatively new to European populations. Well-preserved skeletons
from the ﬁfteenth and sixteenth centuries show almost no malocclusion in the population
(Mohlin, Sagna, and Thilander, 1978; Helm and Prysdö, 1979; Corrucini, 1984; Varrela,
1990). Corruccini and Varrela have hypothesized that the change in children’s meals from
a coarse diet to a mild-textured diet has resulted in decreased mastication and a decrease in
jaw skeleton and muscle development. Increased chewing causes tension that stimulates
mandible bone and muscle growth (Kiliardis, 1986; Weijs and Hillen, 1986). Placing
young primates on a soft diet will cause malocclusions in their jaws, similar to those in humans (Corruccini 1984; Corruccini and Beecher 1982). Mechanical tension stress has been
found to induce the expression of certain bone morphogenetic protein (BMP2, BMP4)
genes in adult rats (Sato et al., 1999).
Bone density is also regulated by mechanical stress, and several genes for osteoblast
and osteocyte functions are known to be regulated through physical load (Nomura and
Takano-Yamamoto, 2000; Zaman et al., 2000). Astronauts experiencing weightlessness are
at risk for such negative bone remodeling (losing about 1 percent of healthy bone mineral
density per month in space), and studies on the space shuttles have shown that several genes,
including the gene for the vitamin D receptor, are dramatically downregulated in microgravity (Hammond et al., 2000; Wassersug, 2000).
Coda
The environment is not merely a permissive factor in development. It can also be instructive. A particular environment can elicit different phenotypes from the same genotype.
Development usually occurs in a rich environmental milieu, and most animals are sensitive
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to environmental cues. The environment may determine sexual phenotype; it may induce
remarkable structural and chemical adaptations according to the season, or speciﬁc morphological changes that allow an individual to escape predation; it may induce caste determination in insects. The environment can also alter the structure of our neurons and the
speciﬁcity of our immunocompetent cells. We can give a deﬁnite answer to the question
posed by Wolpert (1994, 572): “Will the egg be computable? That is, given a total description of the fertilized egg—the total DNA sequence and the location of all proteins and
RNA—could one predict how the embryo will develop?”
The answer has to be no. The phenotype depends to a signiﬁcant degree on the environment, and this is a necessary condition for integrating the developing organism into its particular habitat. Development depends not only on signals “from below,” but also on signals
“from above.” This means that reductionism cannot provide a complete explanation of development (Gilbert and Sarkar, 2000). Rather, a context-dependent organicism must integrate the signals from the genome, from the interactions between cells, and from the
environment in which the organism develops.
Notes
1. In his history of the reaction norm concept, Sarkar (1999) has shown that Woltereck argued that what was
inherited was a reaction norm and that thinking in these terms was better than viewing the inherited potential as a
static genotype. Johannsen, who formulated the genotype concept (and its distinction from the phenotype) agreed
that the reaction norm was almost equivalent to his genotype, but that the genotype was more a directive force,
whereas the reaction norm was more an enabling agent. Although the reaction norm is an evolutionarily selectable
trait and a product of gene selection (see Schlichting and Pigliucci, 1998; Nanjundiah, chapter 14, this volume),
its variability should not be confused with the variability, suggested by other contributions in this volume (e.g.,
Müller, chapter 4, Newman, chapter 13) of traits that have not yet been stabilized by genes and their products.
2. One of the most interesting cases of the nutritional regulation of development involves the disease gulonolactone oxidase deﬁciency (hypoascorbemia; OMIM 240400). Homozygosity of a mutation in the gulonolactone
oxidase gene on the short arm of chromosome 8 produces a syndrome that produces death in childhood due to
connective tissue malfunction. Interestingly, this syndrome effects 100 percent of the human population.
Gulonolactone oxidase is the ﬁnal enzyme in the pathway leading to ascorbic acid, and we are all homozygous at
this mutant locus (Nishikimi et al., 1994), which is why we need ascorbic acid (vitamin C) in our diet. Without
this replacement therapy from the environment, we would all be dead. This example illustrates that it is
impossible to parse environment and heredity into neat, nonintersecting categories. What is the effect of the
environment on the human phenotype? 100 percent. The effects of genes and environment are interactive; they
cannot be separated into component percentages. Our genotype programs us for an early death, and the fact that
we are here is testimony to the power of the environment to circumvent our genetic heritage.
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